For vertebrate olfactory signal transduction, a calcium-activated chloride conductance serves as a major amplification step. However, the molecular identity of the olfactory calcium-activated chloride channel (CaCC) is unknown. Here we report a proteomic screen for cilial membrane proteins of mouse olfactory sensory neurons (OSNs) that identified all the known olfactory transduction components as well as Anoctamin 2 (ANO2). Ano2 transcripts were expressed specifically in OSNs in the olfactory epithelium, and ANO2::EGFP fusion protein localized to the OSN cilia when expressed in vivo using an adenoviral vector. Patch-clamp analysis revealed that ANO2, when expressed in HEK-293 cells, forms a CaCC and exhibits channel properties closely resembling the native olfactory CaCC. Considering these findings together, we propose that ANO2 constitutes the olfactory calciumactivated chloride channel.
For vertebrate olfactory signal transduction, a calcium-activated chloride conductance serves as a major amplification step. However, the molecular identity of the olfactory calcium-activated chloride channel (CaCC) is unknown. Here we report a proteomic screen for cilial membrane proteins of mouse olfactory sensory neurons (OSNs) that identified all the known olfactory transduction components as well as Anoctamin 2 (ANO2). Ano2 transcripts were expressed specifically in OSNs in the olfactory epithelium, and ANO2::EGFP fusion protein localized to the OSN cilia when expressed in vivo using an adenoviral vector. Patch-clamp analysis revealed that ANO2, when expressed in HEK-293 cells, forms a CaCC and exhibits channel properties closely resembling the native olfactory CaCC. Considering these findings together, we propose that ANO2 constitutes the olfactory calciumactivated chloride channel.
Anoctamin ͉ cilia ͉ olfaction ͉ signal transduction ͉ TMEM16B I n the nervous system, chloride conductances often serve critical signaling roles, functioning as either inhibitory or excitatory signals. In vertebrate olfactory sensory neurons (OSNs), signaling by a calcium-activated chloride conductance in the cilia is the final step of a well-characterized signal transduction pathway (1, 2) . Because of the active accumulation of chloride within OSNs (3) (4) (5) , this chloride conductance (6) (7) (8) (9) serves as an amplification step, accounting for up to 80% to 90% of the odorant-induced depolarizing current (10) (11) (12) and thus is critical for olfactory sensation. In this study, we identified Anoctamin 2 (ANO2) in a proteomic screen of OSN cilial membranes. We provide molecular and electrophysiological evidence indicating that ANO2 constitutes the long-sought olfactory calcium-activated chloride channel (CaCC) that may mediate signal amplification.
Results

ANO2 Is Present in a Preparation of Olfactory Cilial Membranes.
In rodents, the native olfactory CaCC is predicted to be 8 times more abundant than the olfactory cationic cyclic nucleotide-gated (CNG) channel (9) . Because of this high abundance, we reasoned that a proteomic screen might be a viable approach to identify this channel. Therefore, we isolated OSN cilia from mouse olfactory mucosa, enriched the preparation for membrane proteins, and separated the proteins by SDS/PAGE (Fig. S1 ). To reduce the potential interference in the proteomic analysis by odorant receptors (ORs), which include more than 1000 different types and usually migrate at 35-55 kDa, we cut the gel into 3 slices: Ͼ 55 kDa, 35-55 kDa, and Ͻ35 kDa, and analyzed each slice by mass spectrometry. We performed 2 independent cilial membrane preparations and mass spectrometric screens. Only proteins that were identified by 2 or more peptides in both preparations were considered for further analysis.
Because most chloride channels have several transmembrane domains and therefore are of a larger molecular weight (Fig. S2) , we initially focused our analysis on the Ͼ 55-kDa sample, in which 53 proteins were identified (Table 1 and Table S1 ). The robustness of this approach was confirmed by the identification of all known transmembrane and membrane-associated olfactory transduction components downstream of ORs within this range of molecular weights (Table 1) . Other proteins arising from OSNs, e.g., the neural cell adhesion molecule 1, were found also. In addition, a number of proteins from dominant contaminating sources, i.e., axonemes (tubulin) and microvilli of sustentacular cells (cytochrome P450 2A; ref. 13) were present.
Because we had found all of the known signal transduction components downstream of ORs, we reasoned that the olfactory CaCC likely should be included in this short list of 53 proteins. We thus narrowed the candidates for the olfactory CaCC down to 2 categories of proteins: those annotated to confer a chloride conductance and those predicted to be transmembrane proteins with unknown function. Only 3 proteins, CLIC6, TMEM16B (ANO2), and Q8BH53, were found in these 2 categories. CLIC6 is a member of a family of intracellular chloride channels (14) . However, in situ hybridization showed that CLIC6 is expressed primarily in supporting cells in the olfactory epithelium (OE), but not in OSNs (Fig. S3) . Q8BH53 (gi81896083) is a protein of unknown function. It is enriched in many ciliated cells (15) , and might have a more general role in cilial structure or maintenance.
TMEM16B (ANO2) is 1 of 10 members of the Anoctamin family of proteins (16) . ANO2 is predicted to have 8 transmembrane domains with both N and C termini in the cytoplasm, a topology consistent with many ion channels. A mutation in human TMEM16E (ANO5) causes gnathodiaphyseal dysplasia, a disorder characterized by bone calcification defects (17) . Bone calcification defects have been noted for mutations in chloride channels (18) . BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) searches revealed that ANO family members are related to the yeast protein Ist2p. Mutants of Ist2p were reported to have increased tolerance to NaCl (19) . These studies, as well as our identification of ANO2 in the olfactory cilial proteomic screen, pointed to ANO2 as a promising candidate for the olfactory CaCC.
Olfactory Sensory Neurons Express a Splice Variant of Ano2. Ano2 transcripts are highly expressed in the olfactory system (GNF Symatlas and Genepaint), specifically in OSNs (20) . Using independent in situ hybridization probes, we confirmed that Ano2 mRNA localized specifically to OSNs within the OE and not to the sustentacular or basal stem cell layers (Fig. 1A) .
To date, mouse Ano2 mRNA sequences available from online databases are derived from retinal cDNA. The Ensembl database predicts several Ano2 transcript variants with different transcription initiation sites. We characterized mouse olfactory Ano2 transcripts. The longest ORF obtained by RT-PCR was 2,730 bases, made of 24 exons (see SI Methods for details). We This article is a PNAS Direct Submission.
Freely available online through the PNAS open access option. 1 To whom correspondence may be addressed. E-mail: hzhao@jhu.edu or jreisert@monell.org.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0903304106/DCSupplemental.
found that the retinal exon 13, which encodes 4 amino acids in the predicted first intracellular loop, is absent in the olfactoryspecific isoform ( Fig. 1 B and C) , suggesting that OSNs express a splice variant. The functional significance of these 4 missing amino acids remains to be determined. We also found that ANO2 exon 3, which encodes 33 amino acids in the predicted N-terminal cytoplasmic domain, is lacking in a minority of transcripts in both OSNs and retinal cells (Fig. 1D) . Translation of the major isoform of the olfactory-specific Ano2 ORF yields 909 amino acids, with a predicted molecular weight of 104 kDa. List of 53 proteins from the Ͼ 55-kDa sample. Listings in bold are proteins known to be involved in olfactory transduction (1, 2) . Listings in italics are proteins either annotated to confer chloride conductance or with no known function. For the full list of identified proteins of all molecular weights, including the lower molecular weight olfactory transduction components (G␣ olf and CNGA4), see Table S1 .
proteomic screen was indeed arising from OSN cilial membranes, we monitored the subcellular localization of GFP-tagged ANO2 proteins. We generated expression constructs for N-or C-terminally EGFP-tagged ANO2 (EGFP::ANO2 or ANO2::EGFP) and expressed them in HEK-293 cells. ANO2::EGFP localized to the plasma membrane ( Fig. 2A) . However, EGFP::ANO2 remained intracellular (Fig. S4) . These data suggest that the signal sequence for trafficking of ANO2 to the plasma membrane may reside at the N terminus, in contrast to the yeast Ist2p that was reported to traffic to the plasma membrane by a C-terminal signal sequence (21) .
We then generated an adenoviral vector to deliver DNA encoding ANO2::EGFP to OSNs in vivo. Low doses of virus were used to infect cells in the OE sparsely, allowing the clear visualization of individual OSNs. ANO2::EGFP localized primarily in the cilia and dendritic knobs of OSNs (Fig. 2B , Movie S1), a morphology reminiscent of those labeled by individual odorant receptor antibodies (22) . Additionally, puncta of ANO2::EGFP were apparent in the dendrite, and there was perinuclear fluorescence in the OSN soma. No fluorescence was observed in the OSN axons. Western blot analysis confirmed that the ANO2::EGFP fusion protein of the expected size was present in the infected OE (Fig. 2C ).
ANO2 Exhibits Channel Properties Similar to the Native Olfactory
CaCC. Recently, ANO1 (TMEM16A), a paralog of ANO2, has been found to form a CaCC when heterologously expressed (23) (24) (25) . ANO2 also was shown to confer calcium-activated conductance to Xenopus oocytes but has not been characterized (25) . We expressed the olfactory form of mouse ANO2 in HEK-293 cells and conducted patch-clamp analysis. The cells were co-transfected with a plasmid expressing the olfactory CNG channel subunit CNGA2, enabling us to activate selectively either a cationic cAMP-gated conductance or a putative Ca 2ϩ -activated anion conductance in the patch. The cAMP-gated conductance aided in identifying the inside-out patch configuration and served as a control of patch integrity over time (see Fig. 3A ). Experiments were performed in 140-mM symmetrical NaCl solutions. The patches were stimulated with Ca 2ϩ or cAMP at concentrations that yield a maximal open probability for the native olfactory CaCC and a CNGA2 homomeric channel, respectively (9, 26) . To test whether ANO2 confers a Ca 2ϩ -activated conductance to HEK-293 membranes, the patch was exposed to 1 mM Ca 2ϩ immediately following excision. Indeed, Ca 2ϩ elicited a rapidly peaking current (Fig. 3A) . The current showed marked inactivation during the 3-s Ca 2ϩ exposure and terminated rapidly after Ca 2ϩ was removed. Repeated stimulation revealed a continuing rundown of peak current over time (Fig. 3A and Fig. S5 ). This current rundown was not caused by compromised patch integrity (e.g., patch size and access), because the cAMP-elicited current, which also was recorded following each Ca 2ϩ stimulation, remained stable during the entire recording duration (Fig. 3A and  Fig. S5) . Rundown of the Ca 2ϩ -activated Cl Ϫ current over time is a well-documented property of the native olfactory CaCC (9) . We analyzed the rundown of the ANO2 Ca 2ϩ -activated current in 11 patches that had sufficiently large Ca 2ϩ -activated currents and were stable for at least 12 min as judged by the cAMPactivated current. The ANO2 Ca 2ϩ -activated current exhibited 56% rundown over the time course of the experiment (Fig. S5) , similar to the 52% rundown observed in the native olfactory CaCC (9). In the control experiments, in which HEK-293 cells were transfected with plasmids encoding CNGA2 and EGFP, only small and noisy calcium-activated currents were observed occasionally. These currents were activated with a considerable delay of a few seconds and disappeared within 1-2 min.
To investigate if the channel formed by ANO2 is indeed a Cl Ϫ channel, we recorded current-voltage (I-V) relationships. In symmetrical NaCl solutions, the ANO2 channel current reversed at a potential close to 0 mV (Fig. 3B) , with slight inward rectification similar to the native olfactory CaCC (9) . When 130 mM (of 140 mM) NaCl in the bath was replaced by Na-methanesulfonate, the reversal potential shifted to Ϫ34.6 Ϯ 1.7 mV (n ϭ 6), demonstrating that this current is indeed carried by Cl Ϫ . The relative permeability P MeS /P Cl was determined to be 0.17 Ϯ 0.02. The native olfactory CaCC has been documented to exhibit varying permeabilities to different halide ions (9) . We therefore investigated the halide permeability of the ANO2 channel by equimolar replacement of bath NaCl by NaBr or NaI. This replacement progressively shifted the I-V relationships to the right and the reversal potentials to more positive values (Fig.  3C) , indicating that the ANO2 channel is more permeable to both Br Ϫ and I Ϫ than it is to Cl Ϫ . In the case of F Ϫ , to avoid Ca 2ϩ chelation by f luoride in the bath, 130 mM NaCl was replaced equimolarly with NaF in the pipette solution. The reversal potential was shifted to more positive values (Fig. 3C  Inset) , now indicating that the ANO2 channel is less permeable to F Ϫ than to Cl Ϫ . The reversal potentials and the GoldmanHodgkin-Katz equation yielded a permeability sequence of I Ϫ Ͼ Br Ϫ Ͼ Cl Ϫ Ͼ F Ϫ and permeability ratios P X /P Cl of 3.85:1.78:1:0.12 (n ϭ 6 for Br Ϫ and I Ϫ , n ϭ 7 for F Ϫ ), which are inversely related to the hydration energies (Fig. 3D) . These relative halide permeabilities are very similar to the native olfactory CaCC (9) ( Table S2) .
The native olfactory CaCC has been documented to exhibit varying sensitivities to different divalent cations (9) . We tested the activation of the ANO2 channel by other divalents. Because ANO2 currents showed rundown, we first exposed the patch to the test divalent at 1 mM followed by an exposure to 1 mM Ca 2ϩ (Fig. 4E) . This procedure enabled us to normalize the response of the test divalent to the Ca 2ϩ -evoked current in each trial. Sr 2ϩ activated the ANO2 channel almost as well as Ca 2ϩ , Ba 2ϩ was only a poor agonist, and no current was observed upon Mg 2ϩ application (Fig.  4G, n ϭ 5 ). These observations for the ANO2 channel are consistent with those for the native olfactory CaCC (9) ( Table S2) .
We also tested the sensitivity of the ANO2 channel to nif lumic acid, a routinely used blocker of the native olfactory CaCC (8, 9) . Nif lumic acid (300 M) substantially reduced patch currents by 77% Ϯ 5% (n ϭ 8) when applied simultaneously with Ca 2ϩ (Fig. 3G) . We attempted to obtain the single-channel conductance for the ANO2 channel. Because the low conductance of individual ANO2 channels hinders direct measurement, we used noise analysis (Fig. 3H) . The single-channel conductance was esti- and Methods) . These values are similar to that of the native olfactory CaCC, 1.27 pS (9) (Table S2) .
We further investigated the sensitivity of ANO2 to Ca 2ϩ by exposing patches for 10 s to increasing Ca 2ϩ concentrations at both Ϫ40-mV and ϩ40-mV holding potentials (Fig. 4 A and B) . The experiments were performed Ϸ10 min after patch excision to allow completion of the more rapid phase of the current rundown. We determined the dose-dependency (Fig. 4C ) for the peak current (I max ) and for the current at 10 s (I 10s ), similar to the analysis performed for the native olfactory CaCC (9) . The current at 10 s was used to evaluate a change in Ca 2ϩ sensitivity during the inactivation. The data were fit with Hill functions. When comparing I max , the K 1/2 were 1.83 M (n ϭ 5) at Ϫ40 mV (Fig. 4C , black curve) and 1.18 M (n ϭ 4) at ϩ40 mV (Fig. 4C , green curve), indicating a higher apparent Ca 2ϩ affinity at positive holding potentials. This finding is consistent with observations in the native olfactory CaCC (9) . Hill coefficients were 2.3 at Ϫ40 mV and 1.92 at ϩ40 mV. However, when comparing the current after inactivation (I 10s ), the dose dependency showed the opposite trend. The K 1/2 were 1.12 M at Ϫ40 mV (Fig. 4C , red curve) and 2.18 M at ϩ40mV (Fig. 4C , blue curve), indicating that after inactivation ANO2 actually was more sensitive to Ca 2ϩ at Ϫ40 mV that at ϩ40 mV. The dose-response also was much shallower at ϩ40 mV (Hill coefficients were 2.67 at Ϫ40 mV and 1.18 at ϩ40 mV). Overall, the Ca 2ϩ sensitivities of the ANO2 channel are comparable to those of the native olfactory CaCC (4, 9) (Table S2 ).
The kinetics of ANO2 channel inactivation were found to be quite different at positive and negative holding potentials. At Ϫ40 mV and at high Ca 2ϩ concentrations, ANO2 currents typically showed a rapid inactivation during the first 1 s of Ca 2ϩ application followed by a steady decline thereafter (Fig. 4A) . These inactivation kinetics are comparable to the native olfactory CaCC (9) . However, the steady secondary decline of the ANO2 current was minimal at ϩ40 mV (Fig. 4B) , unlike the native olfactory CaCC, which also displays a steady secondary inactivation at ϩ40 mV (9) . We quantified the level of inactivation during Ca 2ϩ stimulation by dividing I 10s by its respective I max (Fig. 4D) for each Ca 2ϩ concentration. At low Ca 2ϩ levels, currents showed little inactivation regardless of holding potential. Inactivation became more apparent and severe at higher Ca 2ϩ concentrations at Ϫ40 mV, whereas at ϩ40 mV the I 10s /I max ratio decreased only slightly with increasing Ca 2ϩ concentrations and recovered to almost 1 at saturating Ca 2ϩ concentrations. For the ANO2 channel, the difference in inactivation kinetics between positive and negative holding potentials partly explains the reduction in the Hill coefficient for the I 10s dose-response at ϩ40 mV in Fig. 4C . Note that the rapid inactivation of the current at the onset of Ca 2ϩ exposure was observed in some, but not all, patches obtained from native OSNs (9), probably because patches from OSNs often contain long, thin cilia that slow solution exchange and thus slow the activation of the current.
Taken together, the patch-clamp experiments on heterologously expressed ANO2 channels show that ANO2 forms a calcium-activated chloride channel with properties remarkably similar to the native olfactory CaCC in terms of rundown, slight permeability to Na-methanesulfonate, halide permeability sequence, divalent cation activation, inhibition by nif lumic acid, single-channel conductance, biphasic inactivation at negative holding potentials, and Ca 2ϩ sensitivity (4, 8, 9) . Table S2 shows a comparison of ANO2 and native olfactory CaCC properties.
Discussion
In this study, we identified ANO2 from a proteomic screen of an olfactory cilial membrane preparation. The nature of mass spectrometry-based proteomics is biased toward the identification of abundant proteins. Therefore, the identification of all known olfactory transduction components downstream of ORs in our proteomic screen exemplifies that OSN cilia are a highly specialized compartment for sensory signaling. Although we intentionally separated a gel band for 35-to 55-kDa proteins with the consideration of the presence of a large number of ORs, mass spectrometry did not identify any ORs in any fraction (Table S1) , presumably because of the high diversity and very low abundance of individual ORs in the preparation. We tailored our proteomic analysis toward the identification of CaCC candidate(s), based on the hypotheses that the olfactory CaCC is enriched in the cilial membrane and that the CaCC might have a relatively high molecular weight. Using these criteria, we were able to focus on a small list of proteins to select ANO2 as a CaCC candidate. Previously, 2 proteomic analyses of rat olfactory cilial preparations were reported. In the first report, ANO2 and even adenylyl cyclase III (ACIII) were not found (27) . In the second report, ANO2 was found among 377 proteins (28) .
The close similarity of ANO2 channel properties to the native olfactory CaCC strongly suggests that ANO2 is a major, if not sole, component of the olfactory CaCC. However, because we found a few minor differences, we cannot rule out the possibility that an additional regulatory subunit is present in the native channel, as has been suggested for ANO1 (25) . Nevertheless, ANO2 most likely is the pore-forming subunit. Although RT-PCR analysis of nasal tissue, which contains various cell types, for all Ano family members shows amplification of a few Ano genes ( Fig. S6 and Table S3 ), ANO2 was the only ANO protein found in our proteomic screen. Additionally, no other Ano family member transcripts have been found to be OSN-specific (20) . Bestrophin 2 (Best2) has been proposed as a candidate olfactory CaCC (29) . However, we did not detect any peptides matching Best2 protein in our screen of olfactory cilial membranes. Also, some channel properties of Best2 differ from the native olfactory CaCC. Further, Best2 Ϫ/Ϫ mice have been shown to perform an olfactory behavior test normally (30) .
The gating mechanism of the native olfactory CaCC is unknown. Although calcium alone is sufficient to open the native olfactory CaCC in patch-clamp experiments (9), the loss of Cl Ϫ channel activity over time after patch excision (''rundown'') is consistent with the loss of a modulatory factor. A study performed using the OSN-like cell line Odora implicated calmodulin in the gating mechanism of the native olfactory CaCC (31) . Further, other regulatory mechanisms affecting the olfactory CaCC, such as phosphorylation and membrane trafficking, have not yet been explored. With the identification of ANO2 as the major component of the olfactory CaCC, these questions can be addressed directly by site-directed mutagenesis and proteininteraction studies.
Different members of channel families often have different biophysical properties, making them more suited for their roles in their specific cell type. Comparison of heterologously expressed ANO1 and ANO2 channels shows substantial differences in their channel properties, even though they share a similar order of relative halide permeabilities (23, 25) . ANO1 channels seem to have a higher sensitivity to Ca 2ϩ , certainly at positive holding potentials (23, 24) . ANO1 channels also have much slower opening and closing kinetics (23) when exposed to Ca 2ϩ . A channel with such slow kinetics acts like a low-pass filter, a characteristic possibly better suited for secretion but not for rapidly signaling in neurons. Finally, the single-channel conductance for ANO1 was reported to be 8.3 pS (23), a value around 8 times larger than we found for ANO2 and for the native olfactory CaCC (9) . A small chloride-channel conductance is important in olfactory transduction to convey the low-noise amplification of the primary CNG current (11) . Thus, the ANO2 channel is well suited for its role in olfactory signal transduction.
